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ABSTRCICT 

Having def ined and developed a s t r u c t u r a l  power f l ow  approach f o r  

t h e  ana lys is  o f  structure-borne transmission o f  s t r u c t u r a l  

- 

v ib ra t ions ,  t h e  technique i s  used t o  perform an ana lys i s  o f  t h e  

i n f l uence  o f  s t r u c t u r a l  parameters on t h e  t ransmi t ted  energy. A s  

a base f o r  comparison t h e  parametric ana lys is  i o  f i r s t  performed 

us ing a S t a t i s t i c a l  Energy Analysis approach and t h e  r e s u l t s  

compared w i t h  t h e  r e s u l t s  obtained using t h e  power f l o w  approach. 

The advantages o f  us ing s t r u c t u r a l  power f l o w  are thus 

demonstrated by comparing t h e  type  of r e s u l t s  t h a t  arm obtained 

by t h e  two methods. Add i t i ona l l y ,  t o  demonstrate t h e  advantages 

o f  us ing t h e  power f l ow  method and t o  show t h a t  t h e  power +low 

r e s u l t s  represent a d i r e c t  phys ica l  parameter t h a t  can bo 

measured on a t y p i c a l  s t ruc tu re ,  an experimental i n v e s t i g a t i o n  o f  

s t r u c t u r a l  power f l ow  i s  dl50 presented. I n  th is experimental 

i n v e s t i g a t i o n  r e s u l t s  are presented f o r  an L-shaped beam f o r  

which an a n a l y t i c a l  s o l u t i o n  has already been obtained. 

Furthermore, the var ious methods ava i l ab le  t o  measure v i b r a t i o n a l  

power f l ow  are  compared t o  i n v e s t i g a t e  t h e  advantages and 

disadvantages o f  each method. 
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SECTION I 

INTRODUCTION 

. 

c 

Power f l o w  ana lys i s  f o r  t h e  eva lua t ion  o f  t h e  v i b r a t i o n  
response o f  coupled s t r u c t u r e s  was5 developed f o r  two coupled 
s t r u c t u r e s  C 1 ,  23. I n  one case t h e  coupled s t r u c t u r e  cons is t s  o f  
an L-shaped beam pinned a t  t h e  junc t ion .  T h i s  represents  a 
one-dimensional f l o w  o f  t h e  v i b r a t i o n a l  power and t h e  coupl ing 
between t h e  s t r u c t u r e  was a p o i n t  contact. Although t h e  
a n a l y t i c a l  analys is .  o f  t h i s  coupled s t r u c t u r e  was o f  a somewhat 
s imple nature,  i t  demonstrated t h e  a p p l i c a t i o n  of t h e  power f l o w  
technique. Also t h e  a n a l y t i c a l  r e s u l t s  obtained from t h i s  study 
served as a t o o l  f o r  the eva lua t ion  o f  experimental power f l o w  
r e s u l t s  f o r  a f i n i t e  s t ruc tu re .  

- 

The second case represents  t h e  ana lys i s  o f  a coupled 
two-dimensional s t r u c t u r e  i n  t h e  form o f  an L-shaped p la te .  I n  
t h i s  ana lys i s  t h e  power f l o w  concept, where t h e  f l o w  o f  
v i b r a t i o n a l  power i s  expressed i n  terms o f  m o b i l i t y  func t ions ,  
was extended t o  deal w i t h  two-dimensional ( l i n e )  j o i n t s .  Th is  
requ i red  t h e  use o f  m o b i l i t y  f unc t i ons  de f ined no t  on l y  as 
func t i ons  o f  frequency bu t  a l so  as func t i ons  o f  space. The t o t a l  
f l o w  o f  v i b r a t i o n a l  power from one p l a t e  subs t ruc ture  t o  another 
i s  obtained through an i n t e g r a l  over t h e  e n t i r e  l eng th  o f  t h e  
j o i n t .  

I n  bo th  cases t h e  r e s u l t s  obtained us ing t h e  power f l o w  
technique were compared t o  r e s u l t s  obtained us ing F i n i t e  Element 
Analys is  (FEA) and S t a t i s t i c a l  Energy Analys is  (SEA). The 
purpose o f  t h i s  comparison i s  twofold.  F i r s t  i t  demonstrated 
t h a t  t h e  power f l o w  method can be a use fu l  t o o l  i n  t h e  mid 
frequency range. For t h e  s t r u c t u r e  used i n  t h e  prev ious ana lys i s  
t h e  mid frequency reg ion  was i n  t h e  range o f  1CK) Hz t o  1 KHz. I n  
t h i s  frequency reg ion  FEA s t a r t s  t o  break down unless t h e  mesh 
used i n  t h e  modeling o f  the structure is close enough t o  r e s o l v e  
the shor t  wavelengths, wh i l e  SEA produced o n l y  general l e v e l s  
which can be s i g n i f i c a n t l y  d i f f e r e n t  from t h e  ac tua l  response 
l e v e l s .  The second purpose was t o  check t h e  accuracy o f  t h e  
r e s u l t s  as compared t o  these other  types o f  ana lys i s  i n  those 
frequency reg ions  where FEA and SEA a re  known t o  be accurate. 
Comparison w i t h  FEA a t  low frequencies showed very good agreement 
between t h e  r e s u l t s  both i n  terms o f  l e v e l s  and t h e  l o c a t i o n s  o f  
t h e  resonant modes o f  t h e  g loba l  s t ruc tu re .  Th is  was an 
i n t e r e s t i n g  r e s u l t  because i n  the  eva lua t ion  o f  t h e  m o b i l i t y  
f unc t i ons  on ly  t h e  uncoupled modes o f  t h e  subs t ruc turer  were 
i d e n t i f i e d ,  b u t  when t h e  coupl ing equations, i n  terms o f  t h e  
m o b i l i t y  f unc t i ons  o f  t h e  subst ructures a t  t h e  j o i n t  and a t  t h e  
p o i n t  o f  e x c i t a t i o n  were implemented, both t h e  coupled and 
uncoupled modes were generated i n  t h e  r e s u l t s  and t h e  number o f  
modes was i d e n t i c a l  to t h e  number o f  modes obtained from t h e  FEA 
modeling. The comparison o f  r e s u l t s  a t  h igh  f requencies w i t h  
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resirlts from SEA also show good agreement and indeed show that 
when consecutive structural modes start to couple the 
fluctuations in the response of the structure are reduced and the 
response approaches a mean level similar to the level predicted 
b y  SEA. - 

Having shown the development of the power flow technique 
especially for the two-dimensional (line) joint case, and its 
comparison for accuracy with other well established techniques, 
the next objective is to show the additional modal information 
that is obtained in determining the response of a substructural 
component using power flow techniques due to changes in the 
structural parameters of the ~ o u r c e  and receiver substructures. 

Comparison with FECI is this case is somewhat of a limited 
value because in using FECI, given enough computing power and the 
generation of a fine mesh for the structure model, accurate 
detailed modal results can be obtained. However the computing 
power required may be prohibitive and the generation of the mesh 
needs to be very accurate. In this case comparison of 
computational efficiency may be more appropriate. Power flow is 
more efficient computationally because the global structure i5 
divided into substructural components and tho analysis performed 
on the individual substructures, which are then joined together 
through the mobility expressions. These mobility expressions 
once derived hold for any combination of coupled substructures 
and its a matter of adding the required number of terms for all 
t h e  substructures and the joints. 

FECI can also be used on the substructures to evaluate the 
required mobility functions. In this application since each 
substructure is analyzed independently of the rest of the global 
structure, a much finer mesh can be used to generate accurate 
results up to higher frequencies. Because of the smaller size of 
t h e  structure, a finer mesh will still be within the limits of 
the computational hardware t h a t  is used for the analysis. An 
additional advantage of the substructuring is that common 
substructures can have their mobility functions stored in a 
database, very much similar to structure elements in a finite 
element package, which would then make the approach even more 
efficient. Furthermore, the results obtained using power flow, 
since these can be obtained for selected joints of the global 
structure representing the flow of vibrational power through that 
joint, have a more useful physical meaning in vibration analysis 
as compared to the overall deflections and stresses a6 one would 
normally obtain using FECI. This power flow through the joint 
represents all the vibrational power that is either radiated, 
dissipated by the structure or distributed to other joined 
s LI b s t r uc t ur es 

Comparing power flow results to SEA results, the advantages 
in using power flow in the medium frequencies can be better 
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_ -  demonstrated. This comparison is to some extent more important 
because in this case, SEA is significantly more efficient 
computationally and thus the requirement and indeed availability 
of detailed modal response information obtained by using a power 
flow approach needs to be well established. - 

In performing these comparisons with SEA, the next section 
in this report, presents results for the power ratio and energy 
level of the receiver substructure for the case of two coupled 
substructures obtained using an SEA approach. Also investigated 
is the change in power ratio due to structural modifications and 
how these compare to the similar results obtained using a power 
flow approach. The parametric analysis using the power flow 
method is not complete, but the results obtained thus far already 
show some of the advantages of power flow over SEA in the mid 
frequencies. 

In Section IV, the experimental results for the power flow 
measurements of the L-shaped beam are presented. These results 
demonstrate the type of information that can be obtained 
experimentally and how this ties with the analytical results. In 
this section one can get an understanding of the type of physical 
results that can be obtained using the power flow approach. Also 
in this section is a discussion on the available techniques that 
can be used for the measurement of power flow and the 
significance and errors associated with each technique. 
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SECTION I 1  

S T A T I S T I C A L  ENERGY ANALYSIS 

An SEA approach i s  used t o  study t h e  i n f l u e n c e  o f  d i f f e r e n t  - 
s t r u c t u r a l  parameters on t h e  energy l e v e l s  and t ransmiss ion of  
v i b r a t i o n a l  power f o r  an L-shaped p la te .  Where app l i cab le  t h e  
r e s u l t s  i n  t h i s  sec t i on  are  i n t e r p r e t e d  i n  a g raph ica l  form as 
presented by Maidanik E31 which summarizes t h e  i n f l u e n c e  o f  
s t r u c t u r a l  parameters i n  t e r m s  o f  t h e  changes i n  the coupl ing and 
d i s s i p a t i o n  l o s s  fac to rs .  The ne t  power t ransmi t ted  from t h e  
source p l a t e  t o  t h e  rece ive r  p l a t e  i s  equal t o  t h e  power 
d i ss ipa ted  by t h e  rece ive r  p l a t e  s ince  no ex terna l  sources o f  
power o r  o ther  r e c e i v e r s  o f  v i b r a t i o n  are  at tached t o  t h e  
rece ive r  p la te .  The on ly  connection t o  t h e  rece ive r  p l a t e  i s  
t h e  source p la te .  I n  t h i s  ana lys i s  on l y  bending waves are  
considered, t h e  c o n t r i b u t i o n s  from l o n g i t u d i n a l  and t ransverse 
waves i s  n e g l i g i b l e .  

I I. 1. Power R a t i o  And Energy Levels  

The power r a t i o  R, r a t i o  o f  t h e  t ransmi t ted  power t o  t h e  
i n p u t  power, can be expressed a5 a f u n c t i o n  o f  ql=/ql ( r a t i o  
o f  t h e  power f l ow ing  from t h e  source p l a t e  t o  t h e  rece ive r  p l a t e  
t o  t h e  power d i ss ipa ted  i n  t h e  source p l a t e )  and q=l/rl= 
( r a t i o  o f  t h e  power f l ow ing  from t h e  rece ive r  p l a t e  t o  t h e  source 
p l a t e  t o  t h e  power d i ss ipa ted  i n  t h e  rece ive r  p l a t e )  C33. 

qs represent coup l ing  l o s s  f a c t o r s  between subst ructures i 

represent d i s s i p a t i o n  loss fac to rs .  
and j and these are  func t i ons  of t h e  subs t ruc ture  parameters. 

It i s  convenient t o  represent R on a parametr ic p lane 
def ined by rliz/uli and q = l / q =  ( f i g u r e  1) C33. The  
parametr ic s t a t e  o f  t h e  system i s  designated by a p o i n t  i n  t h e  
p o s i t i v e  quadrant o f  t h e  parametr ic plane, s ince  l o s s  f a c t o r s  a re  
always p o s i t i v e .  A constant value o f  t h e  power r a t i o  is 
represented by a s t r a i g h t  l i n e  where t h e  s lope represents  the 
value o f  R. The s lope decreases w i t h  i nc reas ing  R value. The 
in f l uence  of a change i n  q1, q ~ ,  qil o r  on the value 
o f  H can thus be deduced from such a diagram. 

It can be observed t h a t  t h e  power r a t i o  decreases w i t h  
decreasing * q i = / * q l  r a t i o  (path 2, f i g u r e  1) and increases w i t h  
t h e  - q ~ l / r I ~  r a t i o  (path 1 ) .  However q l =  and ' ~ 1 s ~ ~  are  n o t  
independent b u t  a re  r e l a t e d  by t h e  expression 
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.. - 

_ -  

where  n l  and  n2 are t h e  modal d e n s i t i e s  of  t h e  s o u r c e  and  
r e c e i v e r  p l a t e s  r e s p e c t i v e l y .  I n c r e a s i n g  t h e  i s o l a t i o n  be tween 
t h e  t w o  s y s t e m s  ( t h a t  is, d e c r e a s i n g  q;rl and qlz) c a n  r e s u l t  
i n  o n l y  s m a l l  v a r i a t i o n s  i n  t h e  power r a t i o ,  s i n c e  t h e  t w o  
effects  c a n c e l  o u t .  

- 

R e w r i t i n g  R i n  a n o t h e r  form: 

I n  some f r e q u e n c y  r e g i o n s ,  q ~ l > > r l l  ( f i g u r e  2 )  and t h u s  R 
m a i n l y  d e p e n d s  on t h e  r a t i o  rIl/q=. And t h e r e f o r e  i n  t h i s  
case, t h e  power r a t i o  c a n  o n l y  b e  changed  by  m o d i f y i n g  t h e  
damping of  t h e  p l a t e s ,  w h i l e  t h e  i s o l a t i o n  h a s  no  s i g n i f i c a n t  
e f f e c t .  A s  t h e  f r e q u e n c y  increases, q z 1 / q l  becomes more 
s i g n i f i c a n t ,  and  t h u s  i f  ql /q lc  is k e p t  c o n s t a n t ,  v a r i a t i o n s  
i n  'ql or T I z r  w i l l  r e s u l t  i n  s i g n i f i c a n t  c h a n g e s  on t h e  power 
r a t i o .  

The e n e r g y  l e v e l  of  t h e  r e c e i v e r  p l a t e  E= can  b e  e x p r e s s e d  
a s  

where  II r e p r e s e n t s  t h e  power i n p u t  t o  t h e  s o u r c e  p l a t e .  With 
c h a n g e s  i n  t h e  c o u p l i n g  l o s s  f a c t o r s ,  E= v a r i e s  i n  t h e  same way 
as R. However, E= and  R b e h a v e  d i f f e r e n t l y  when t h e  damping 
l o s s  f a c t o r s  are  changed .  I f  qz i n c r e a s e s ,  t h e n  E= decreases 
w h e r e a s  R i n c r e a s e s .  S i n c e  a t  l o w  f r e q u e n c i e s  rls<<rl;rl, 
.riz(S'rlz1, R and  E= c a n  o n l y  b e  r e d u c e d  by increasing q%. 

T h e  above  d i s c u s s i o n  dea l t  w i t h  t h e  v a r i a t i o n  i n  t h e  e n e r g y  
l e v e l  and  t h e  power r a t i o  i n  g e n e r a l  t e r m s ,  w h e r e  c o u p l i n g  l o s s  
f a c t o r s  and d i s s i p a t i o n  l o s s  factors  w e r e  c o n s i d e r e d .  I n  what  
f o l l o w s ,  t h e  s p e c i f i c  i n f l u e n c e  o f  d i f f e r e n t  p l a t e  p a r a m e t e r s  
which cont ro l  t h e  c o u p l i n g  l o s s  f ac to r s  and t h e  d i s s i p a t i o n  10S5 
fac tors  w i l l  b e  i n v e s t i g a t e d .  T h e  s i z e ,  t h i c k n e s s  and  material 
of t h e  p l a t e s  w i l l  i n f l u e n c e  t h e  c o u p l i n g  l o s s  f a c t o r s ,  w h e r e a s  
t h e  s t r u c t u r a l  damping i n f l u e n c e s  t h e  d i s s i p a t i o n  l o s s  f a c t o r s .  

11.2. I n f l u e n c e  Of P l a t e s '  S i z e s  

T h e  i n f l u e n c e  of t h e  p l a t e s '  s i z e s  is d e m o n s t r a t e d  by 
comput ing  t h e  power r a t i o  f o r  d i f f e r e n t  r a t i o s  of t h e  r e c e i v e r  
p l a t e  area (Srr:) t o  t h e  s o u r c e  p l a t e  area (S1). The c o u p l i n g  
l o s s  fac tor5  .ri i= and  qrrl are i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  



-9- 

- -  area S s  o f  p l a t e  (i). I f  t h e  area r a t i o  S=/Sl increases, 
t he  value of  R increases (path 1 i n  f i g u r e  1 ) .  For a given inpu t  
power t o  t h e  source p la te ,  t he  rece iver  p l a t e  can d i s s i p a t e  more 
power (q= constant)  and the re f  ore the  t ransmi t ted  power 
increases ( f i g u r e  3 ) .  The increase i n  t h e  power r a t i o  decreases 
as the  value o f  S2/Sl increases. This can be explained by 
the  f a c t  t h a t  t h e  t ransmi t ted  power asympto t ica l l y  approaches t h e  
i npu t  power as t h e  area r a t i o  increases. For the  source p l a t e  
much l a r g e r  than t h e  rece ive r  p l a t e  any increase i n  area r a t i o  
r e s u l t s  i n  a l a r g e  increase i n  t h e  power r a t i o .  

- 

11.3. In f luence O f  P la tes '  Thicknesses 

To study t h e  i n f l uence  of  t he  p l a t e s '  thicknesses, t he  power 
r a t i o  i s  determined as a f unc t i on  of  t h e  r a t i o  o f  t he  source 
p l a t e  th ickness ( H a )  t o  t h e  rece iver  p l a t e  th ickness (H=). 
I n  t h i s  case t h e  power r a t i o  has a maximum value f o r  p l a t e  
th ickness r a t i o s  o f  between 1 and 2 .  The th ickness r a t i o  f o r  
which R i s  a maximum tends t o  u n i t y  as the  frequency increases 
( f i g u r e  4). This  peak i n  t h e  power r a t i o  can be explained by 
consider ing t h e  i n f l uence  on the  coupl ing l o s s  f a c t o r s  when the  
th ickness r a t i o  changes. .ria2 and qZl do no t  e x h i b i t  i d e n t i c a l  
behavior ( f i g u r e  5 ) .  For low values of  H=/Hl both q l z  and 
qZl increase by approximately t h e  same r a t e  w i t h  increas ing 
th ickness r a t i o ,  q=l i s  however greater  than rllz (po in t  1 
f i g u r e  6). A s  Hs/Hl approaches u n i t y  rl=l s t a r t s  t o  decrease 
(po in t  2 t o  p o i n t  3 f i g u r e  6 )  and eventua l l y  a t  HS/Hl = 1 , 
qZ1 = q12 (po in t  4). Beyond t h i s  p o i n t  both q=l and qll 
decrease bu t  t h i s  t ime q12hl=l and thus the  power r a t i o  
s t a r t s  t o  decrease again (po in t  5 ) .  

An a d d i t i o n a l  f ea tu re  of t h e  power r a t i o  curve as a f u n c t i o n  
o f  th ickness r a t i o  i s  t h a t  f o r  a given frequency, t he  curve i s  
asymmetric. The power r a t i o  decreases a t  a f a s t e r  r a t e  f o r  
th ickness r a t i o s  greater  than 1 than i t  does f o r  a th ickness 
r a t i o  smaller than 1. T h i s  can be explained u s i n g  a wave .model. 
For H=/Hl c: 1 a l l  t he  i nc iden t  waves on the  j u n c t i o n  have a 
component which i s  p a r t i a l l y  t ransmit ted.  However f o r  
Hz/Hl>.l i n c i d e n t  waves a t  an angle greater  than a c r i t i c a l  
angle C51 are completely r e f l e c t e d ,  t h a t  i s  there  is no 
t ransmi t ted  component and the re fo re  l e s s  power f lows through t h e  
j o i n t .  

The th ickness r a t i o  has a greater  i n f l uence  on the  power 
r a t i o  than does the  area r a t i o .  For a given reduc t ion  of  weight 
obtained e i t h e r  by a v a r i a t i o n  of  th ickness o r  a v a r i a t i o n  of  
area, t h e  reduc t ion  i n  the  power r a t i o  i s  greater  i n  t h e  f i r s t  
case. A v a r i a t i o n  o f  area has an i n f l uence  on the  l e v e l s  of  
energy i n  t h e  p l a t e s  whereas a v a r i a t i o n  of  th ickness has a l so  an 
i n f l uence  on t h e  way t h e  energy i s  t ransmi t ted  through the  
j unc t i on. 



11.4. Influence Of Plate Material . -  

- -  
The power ratio is practically independent of material 

differences except under such conditions where the bul k wave 
speed of the two materials is significantly different. For two 
identical plates but of different materials the difference in the 
power ratio is less than 1 dB (figure 7). For materials with the 
same bulk wave speed such as aluminium and steel, the coupling 
loss factors r i lz  and qSl are not influenced by the change of 
the material and thus the power ratio is not modified. 

11.5. Influence Of Structural dampinq 

The structural damping will influence the dissipation loss 
factors. Two conditions are considered to investigate the 
influence of the dissipation loss factor on the power ratio and 
the level of energy of the receiver plate. 

I I. 5.1. P1 ates with equal structural damping 

For two identically damped plates, a significant reduction 
in the power ratio is obtained with increasing structural damping 
(path 4 in figure 1 ) .  As the damping increases more energy is 
dissipated in the source plate and le55 power is available for 
transmission to the receiver plate. This result is however 
strongly dependent on the frequency. At low frequencies changes 
in the dissipation loss factor are somewhat masked by the high 
coupling loss factor. At high frequencies significant reductions 
in the power ratio are obtained with changes in the dissipation 
loss factor (figure 8 ) .  CSt high frequencies the coupling 105s 
factors are reduced, hence the dependency on the dissipation 1055 
factor increases. With regards to the energy level of the 
receiver plate, this is significantly reduced with increasing 
dissipation loss factor (figure 9). 

11.3.2. Flates w i t h  different structural damping 

A significant reduction of power ratio is observed for two 
plates with different dissipation loss factors, especially if the 
damping of the source plate is higher than that of the receiver 
plate (path 2 on figure 1 ) .  The power ratio is strongly 
controlled by the structural damping of the source plate rather 
than by the structural damping of the receiver plate. This is an 
expected result since from equation (2), ‘ql is present in two 
of the terms of the denominator. Because the transmitted power 
is taken to be equal to the power dissipated by the receiver 
plate, the power ratio increases with increasing dissipation loss 
factor of the receiver plate (figure 10). 

The results for the energy level of the receiver plate are 
however different in this case as compared with the case of equal 
damping. From equation ( 3 ) ,  ‘riz and q l  play symmetrical roles 
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. -  f o r  two p l a t e s  w i t h  i d e n t i c a l  modal d e n s i t i e s  (ni = n2). 
Thus an important f a c t o r  i s  t h e  r e l a t i v e  magnitudes o f  t h e  
d i s s i p a t i o n  l o s s  f a c t o r s  t o  t h e  coupl ing l o s s  fac to rs .  I n  
general f o r  most of t h e  frequency range *qiZ and q2i are  
greater  than .05 ( f i g u r e  2) and t h e  energy l e v e l  o f  t h e  rece ive r  
p l a t e  i s  lower when t h e  coupl ing 1055 f a c t o r s  a re  o f  t h e  same - 
order o f  magnitude as t h e  d i s s i p a t i o n  l o s s  fac to rs .  T h i s  i s  i n  
comparison w i t h  t h e  d i s s i p a t i o n  l o s s  f a c t o r  being much lower than 
t h e  coup l ing  l o s s  fac to r .  When t h e  d i s s i p a t i o n  l o s s  f a c t o r s  a re  
much smal ler  t.001 or .01) than t h e  coupl ing l o s s  fac to rs ,  t h e r e  
i s  no s i g n i f i c a n t  i n f l uence  on t h e  energy l e v e l  o f  t h e  rece ive r  
p l a t e  ( f i g u r e  11) .  
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SECTION I 1 1  . -  
STRUCTURAL POWER FLOW 

_- 

Having obtained t h e  dependency o f  t h e  r a t i o  o f  t ransmi t ted  
power t o  i n p u t  power on t h e  var ious s t r u c t u r a l  parameters 
associated w i t h  an L-shaped p l a t e  us ing SEA, i n  t h i s  sec t i on  
s i m i l a r  r e s u l t s  w i l l  be obtained us ing a power f l o w  technique. 
The r e s u l t s  obtained i n  t h i s  sec t i on  w i l l  be compared t o  t h e  
r e s u l t s  i n  sec t i on  11. W i t h  t h e  s t r u c t u r a l  power f l o w  approach 
Cl,23 t h e  t ransmi t ted  power o r  power r a t i o  i s  obtained from i n p u t  
and t r a n s f e r  m o b i l i t y  f unc t i ons  a t  t h e  l o c a t i o n  o f  e x c i t a t i o n  and 
t h e  j o i n t ,  and between these two l o c a t i o n s  respec t i ve l y .  The 
dependency o f  t h e  t ransmi t ted  power on t h e  s t r u c t u r a l  parameters 
us ing a power f l o w  approach i s  no t  ye t  f u l l y  completed. Thus i n  
what f o ~ ~ o w s  i n  t h i s  sec t i on  i s  a p resenta t ion  o f  t h e  r e s u l t s  
obtained thus  f a r ,  which do no t  i nc lude  ana lys i s  on the i n f l u e n c e  
o f  p l a t e s  s i z e s ,  th icknesses and mater ia ls .  Work i s  s t i l l  i n  
progress on t h e  i n f l u e n c e  o f  these s t r u c t u r a l  parameters. A n  
a d d i t i o n a l  ana lys i s  i s  however presented on t h e  i n f l u e n c e  o f  t h e  
e x c i t a t i o n  l o c a t i o n  on t h e  l e v e l  o f  t ransmi t ted  power. T h i s  t ype  
o f  i n fo rma t ion  i s  completely unava i lab le  us ing  SEA. 

- 

111.1. I n f l uence  o f  P l a t e  Dampinq 

The case t h a t  is considered here i s  f o r  both p l a t e s  having 
t h e  same l e v e l  o f  s t r u c t u r a l  damping. Given a constant l e v e l  o f  
e x c i t a t i o n  a t  a f i x e d  l o c a t i o n  ( the  l o c a t i o n  considered i s  o f f  
t h e  center  o f  t h e  source p l a t e )  t h e  i n p u t  and t ransmi t ted  power 
and t h e  power r a t i o  a re  evaluated ( f i g u r e  12 (a,b,c)). I t  can be 
observed from these f i g u r e s  t h a t  t h e  power f l o w  has a s t rong 
dependency on t h e  d i s s i p a t i o n  l o s s  f a c t o r  on l y  f o r  h igh  l o s s  
f a c t o r  values and a t  h igh  frequencies. 

This  r e s u l t  i s  i n  f u l l  agreement w i t h  t h e  r e s u l t s  obtained 
us ing an SEA approach ( f i g u r e  8 )  where t h e  r e d u c t i o n  i n  power 
r a t i o  is on ly  s i g n i f i c a n t  a t  h igh  f requencies and f o r  d i s s i p a t i o n  
loss f a c t u r s  h igher  than 0.01. Comparing t h e  two s e t s  o f  r e s u l t s  
( f i g u r e s  8 and 1 2 ( c ) )  t h e  agreement i s  a l s o  very good i n  terms o f  
t h e  power r a t i o  l eve l s .  However comparing t h e  r e s u l t s  f o r  t h e  
t ransmi t ted  power us ing  t h e  power f l o w  approach ( f i g u r e  l ;Z (b) )  t o  
t h e  r e s u l t s  f o r  t h e  energy l e v e l  o f  t h e  rece ive r  p l a t e  ( f i g u r e  9 )  
t h e  two s e t s  o f  r e s u l t s  a re  d i f f e r e n t ,  e s p e c i a l l y  i n  t h e  
cunclusions t h a t  can be made. The reason f o r  t h i s  i s  t h a t  
al though both o f  these r e s u l t s  represent power o r  energy o f  t h e  
rece ive r  p l a t e  t h e  two energy/power terms a re  d i f f e r e n t  although 
re la ted .  To ob ta in  t h e  t ransmi t ted  power from t h e  energy l e v e l ,  
one m u s t  m u l t i p l y  t h e  l a t t e r  w i t h  frequency and o v e r a l l  l o s s  
f a c t o r ,  t h a t  i s  i n c l u d i n g  power t ransmission t o  other  
substructures.  I n  t h e  case considered here t h e  rece ive r  p l a t e  i s  
on l y  connected t o  t h e  source p l a t e  and thus t h e  o v e r a l l  l o s s  
f a c t o r  i s  t h e  same as t h e  d i s s i p a t i o n  l o s s  f a c t o r .  Thus  t h e  



energy l e v e l  r e s u l t s  ( f i g u r e  9 )  when m u l t i p l i e d  by 2if frequency 
and q l  w i l l  g i v e  a l e v e l  o f  approximately -4 dE. This  l e v e l  i s  
based on an assumed power i npu t  o f  un i t y .  Thus  i f  one compares 
t h i s  w i t h  t h e  power t r a n s f e r  curve ( f i g u r e  12 (b ) )  and takes i n t o  
account t h a t  t h e  power i n p u t  i s  no t  u n i t y  bu t  given by f i g u r e  
(12 (a ) ) ,  then the  two r e s u l t s  match i n  terms of  mean leve ls .  - 

Comparing the  power f l ow  r e s u l t s  t o  the  SEA r e s u l t s  one can 
immediately observe t h e  more d e t a i l e d  r e s u l t s  obtained us ing t h e  
power f l o w  method. I n  f a c t  t he  t ransmi t ted  power curve and t h e  
power r a t i o  curve show some i n t e r e s t i n g  features,  espec ia l l y  f o r  
low d i s s i p a t i o n  l o s s  fac to rs .  The r a t i o  o f  t ransmi t ted  power t o  
i n p u t  power as computed us ing t h e  power f l o w  approach has 
f l u c t u a t i o n s  o f  up t o  10 dE about the  mean l e v e l  est imated us ing 
SEA. However t h e  value computed by t h e  power f l o w  approach a t  
t he  na tu ra l  f requencies of  t h e  g loba l  s t r u c t u r e  match exac t l y  
w i t h  the  l e v e l s  est imated us ing SEA. Thus, wh i le  a t  t h e  
resonances t h e  SEA r e s u l t s  are accurate (same as power f l o w ) ,  o f f  
resonances l a r g e  discrepancies can be obtained between actual  
r e s u l t s  and SEA r e s u l t s .  Because a t  some frequencies the  power 
r a t i o  o f f  resonances i s  much higher than t h e  mean l e v e l  p red ic ted  
w i t h  SEA, the  r e s u l t s  f r o m  the  power f l o w  approach can be 
s i g n i f i c a n t  i n  p r e d i c t i n g  t h e  power t r a n s f e r  due t o  forced motion 
o f f  resonances. A s  damping increases, t he  discrepancy between 
the  power f l o w  r e s u l t s  and the  SEA r e s u l t s  i s  reduced and i n  f a c t  
t he  power f l o w  r e s u l t s  w i l l  approach the  SEA r e s u l t s .  Th is  i s  
expected from considerat ion of  d i s s i p a t i o n  o f  t h e  v i b r a t i o n a l  
energy be fore  i t  reaches the  boundaries o f  t h e  s t ruc tu re ,  thus 
no r e f l e c t i o n  from the  boundaries would occur and a standing wave 
p a t t e r n  i s  no t  se t  up. 

111.2. In f luence of  E x c i t a t i o n  Location. 

A set  o f  r e s u l t s  which cannot be obtained us ing an SEA 
approach i s  w i t h  regards t o  the  i n f l uence  o f  t he  e x c i t a t i o n  
l o c a t i o n  on t h e  t ransmi t ted  and input  v i b r a t i o n a l  p o w e r .  Using 
t h e  SEA approach, because o f  t h e  s p a t i a l  averaging, t he  r e s u l t s  
are f o r  a general ized l o c a t i o n  o f  t h e  exc i ta t i on .  However 
i n t u i t i v e l y ,  t h e  e x c i t a t i o n  l o c a t i o n  can be important and can 
reduce t h e  i npu t  v i b r a t i o n a l  power i f  the  i n p u t  l o c a t i o n  can be 
con t ro l l ed .  To demonstrate t h i s ,  r e s u l t s  have been obtained f o r  
t h e  L-shaped p l a t e  con f igu ra t i on  f o r  a set  o f  e x c i t a t i o n  
l o c a t i o n s  s t a r t i n g  a t  t h e  center o f  t h e  p la te .  The r e s u l t s  here 
can be extended t o  determine t h e  optimum e x c i t a t i o n  l o c a t i o n  
r e l a t i v e  t o  the  p o s i t i o n  of  a r i b  i n  a s t i f f e n e d  s t ruc tu re .  

F igures (13) and (14) show respec t i ve l y  t h e  power i n p u t  and 
output and t h e  power r a t i o  f o r  e x c i t a t i o n  p o s i t i o n s  ranging from 
a l o c a t i o n  a t  50% of  t h e  p l a t e  length  perpendicular t o  t h e  j o i n t ,  
t o  4% o f  t h e  same p l a t e  length  away from t h e  j o i n t .  A s  can be 
observed from these r e s u l t s  wh i l e  t h e  r a t i o  o f  t ransmi t ted  t o  
i n p u t  power does no t  s i g n i f i c a n t l y  change, t h e  i n p u t  power i s  
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. -  ex tens ive ly  reduced, on t h e  order of about 20 dB reduc t i on  a t  the 
resonant peaks when t h e  e x c i t a t i o n  p o s i t i o n  i s  moved from 30% t o  
4% o f  t h e  p l a t e  l eng th  from t h e  j o i n t .  

Although these type of  r e s u l t s  a re  main ly  app l i cab le  t o  t h e  
s i t u a t i o n  where t h e  e x c i t a t i o n  i s  we l l  def ined, as compared t o  - 
d i s t r i b u t e d  e x c i t a t i o n ,  they demonstrate some of  t h e  advantages 
o f  us ing t h e  power f l o w  method. 

Thus f a r  these have been t h e  two s t r u c t u r a l  parameters t h a t  
have been inves t iga ted .  Work i s  s t i l l  i n  progress t o  ob ta in  t h e  
dependency on t h e  other  parameters discussed i n  sec t i on  11. 
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SECTION I V  

EXPERIMENTAL ANALYSIS 

The v i b r a t i o n a l  power f l o w  between two beams j o i n e d  i n  an - 
L-shaped c o n f i g u r a t i o n  i s  i nves t i ga ted  exper imenta l ly  and t h e  
r e s u l t s  compared t o  a n a l y t i c a l  r e s u l t s  C l l .  Another way t o  
evaluate t h e  t ransmi t ted  power apart  from t h e  method presented i n  
C 2 3  i s  t o  express t h e  power f l o w  through a beam cross sec t i on  i 
as fo l lows:  

?here P i  i s  t h e  power f low,   MA(^) i s  t h e  bending moment, 
8 d t )  i s  t h e  angular v e l o c i t y ,  F i ( t )  i s  t h e  shear fo rce ,  and 
V i ( t )  i s  t h e  t ransverse ve loc i t y .  Th is  technique t o  measure 
power f l o w  was developed by Noiseux Cbl, and l a t e r  f u r t h e r  
i nves t i ga ted  by Hedman-White C73 f o r  i n f i n i t e  beam or  beams w i t h  
a low standing wave r a t i o  (SWR). The L-shaped beam s t r u c t u r e  used 
i n  t h i s  present ana lys i s  has a h igh  SWR and p a r t  o f  t h e  study is 
t o  i n v e s t i g a t e  d i f f e r e n t  methods t o  measure t h e  f l o w  o f  
v i b r a t i o n a l  power i n  t h e  presence of  s t rong non propagat ing 
(s tand i  ng wave) components. 

I V .  1. Measurement O f  Power Flow 

From equat ion ( l ) ,  t h e  power-flow through a cross-sect ion o f  
t h e  beam has c o n t r i b u t i o n s  from two components, t h e  shear f o r c e  
component P,, which i s  given by t h e  product o f  t h e  shear f o r c e  
and t h e  t ransverse v e l o c i t y ,  and t h e  bending moment component 
P,, which i s  g iven by the  product o f  t h e  bending moment and t h e  
r o t a t i o n a l  v e l o c i t y .  Away from d i s c o n t i n u i t i e s ,  t h e  t ime  
averaged values o f  P, and P, are  equal C71, t h a t  i s  t h e  
t ransmi t ted  power i s  shared equa l ly  between t h e  shear f o r c e  
component and t h e  bending moment component. Therefore, t h e  power 
f l o w  can be approximated by tw ice  t h e  shear f o r c e  component, as 
long as t h e  cross-sect ion of  . i n t e r e s t  i s  away from s t r u c t u r a l  
d i s c o n t i n u i t i e s .  That is; 

The advantage o f  t h i s  s i m p l i f i c a t i o n  i s  t h a t  t h e  t o t a l  
t ransmi t ted  power can be r e l a t e d  t o  t h e  f i r s t  and lower order 
space d e r i v a t i v e s  which would s i m p l i f y  t h e  requ i red  measurements. 
Expressing t h e  shear f o r c e  component o f  t h e  power f l o w  i n  terms 
o f  t h e  displacement w ( x , t )  o f  t h e  beam 
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- -  

where E i s  t h e  Young's modulus and I i s  t h e  second moment o f  
area. 

The t h i r d  order d e r i v a t i v e  i n  equat ion (3)  can be expressed' 
i n  terms o f  a product o f  a f i r s t  order d e r i v a t i v e  o f  t h e  
displacement and t h e  bending wavenumber and frequency C73. 

Since acce le ra t ions  a ( x , t )  are  genera l l y  measured i n  an 
experiment, i t  i s  usefu l  t o  modify P, i n  terms o f  acce le ra t ion  
r a t h e r  than displacement 

where t h e  subscr ip t  q i n d i c a t e s  " i n  quadrature" 

Equation ( 5 )  can be evaluated us ing  e i t h e r  o f  two d i f f e r e n t  
methods. Pavic C 8 3  suggests the  use o f  a " d i r e c t "  method, where 
t ime domain processing i s  implemented t o  get  t h e  time-averaged 
value o f  power, wh i l e  Verhe i j  C91 proposes a cross-spectral  
dens i ty  method which f o r  a p a r t i c u l a r  frequency f g i ves  

The pros  and t h e  cons o f  these two methods have been 
discussed by Verhe i j  C 9 3  and Pavic C103 bu t  on l y  i n  terms o f  t h e  
development o f  p r a c t i c a l  i n s t r u m e n t a t i o n  +or  f i e l d  measurements. 
That is, t h e r e  i s  a lac): o f  comparison o f  r e s u l t s  obtained by 
e i t h e r  o f  these two approaches. I n  t h i s  paper t h e  two techniques 
a re  app l ied  on t h e  L-shaped beam s t ruc tu re .  

The data requ i red  i n  equations ( 5 )  and (6) can be obtained 
by us ing f i n i t e  d i f f e r e n c e  approximations and t h e  s i g n a l s  
obtained from two l i n e a r  accelerometers spaced a small  d is tance P 
apar t  C73. The two acce le ra t i on  terms i n  equations ( 5 )  and (6) 
can then be expressed i n  terms o f  a%, aa where al and a= 
represent t h e  acce le ra t i on  measurements at t h e  two c l o s e l y  spaced 
p o s i t i o n s  respec t i ve l y .  That i s  

and equat ion ( 5 )  becomes 
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s ince  <alazq>* - (azol,> i s  equal t o  zero E73. 

A l t e r n a t i v e l y  from equation (6) 

where S i s  t h e  cross-spectral  dens i ty  f u n c t i o n  between t h e  
two acce le ra t i on  measurements. 

I V . 2 .  Theore t ica l  Analys is  

The c l  ose-f orm s o l u t i o n  developed i n  I: 1 3  was used t o  compute. 
t h e  t h e o r e t i c a l  power f l o w  vectors  a t  l o c a t i o n s  along t h e  two 
sec t ions  o f  t h e  L-shaped beam. Most o f  t h e  power i 5  t ransmi t ted  
a t  t h e  resonant f requencies and t h e  reason f o r  t h i s  i s  t h a t  
maximum energy d i s s i p a t i o n  occur when t h e  ampl i tude o f  v i b r a t i o n  
i s  high. These frequencies have the re fo re  been se lected f o r  t h e  
measurement o f  t h e  power f low. F igure  (15) shows a p l o t  of  t h e  
propagat ing v i b r a t i o n a l  power l e v e l  from t h e  e x c i t a t i o n  p o i n t  t o  
t h e  end o f  t h e  rece ive r  beam. Three curves a re  p l o t t e d :  t h e  exact 
r e s u l t  g iven by equat ion ( l ) ,  t h e  r e s u l t s  obtained a f t e r  t h e  
approximation t h a t  t h e  power f l o w  i s  equal t o  tw ice  i t s  shear 
f o r c e  power component i s  implemented (equat ion (3)  1 and f i n a l l y  
t h e  r e s u l t s  obtained a f t e r  f i n i t e  di f - ference approximation i s  
implemented (equat ion 8). It can be observed from t h e  exact 
r e s u l t s  t h a t  t h e  power f l o w  decreases s t e a d i l y  t o  reach zero a t  
t h e  end of t h e  rece ive r  beam. Since these a re  t h e o r e t i c a l  
r e s u l t s ,  t h e  j o i n t  does no t  have any i n f l u e n c e  on t h e  power f l o w  
when obtained us ing  t h e  exact  solut ion.  

The r e s u l t s  obtained us ing  equat ion (7) are  i n  good 
agreement w i t h  t h e  r e s u l t s  from t h e  exact s o l u t i o n  away from 
d i s c o n t i n u i t i e s .  That i s  near t h e  beam ends and near t h e  j o i n t ,  
d iscrepancies e x i s t  between t h e  two r e s u l t s .  The approximate 
expression underestimates t h e  power f l o w  l e v e l  near t h e  j o i n t .  
Most o f  t h e  power c lose  to t h i s  d i s c o n t i n u i t y  i s  propagated by 
t h e  bending moment component and t h e  shear f o r c e  component i s  
very small .  Th is  r e s u l t  i s  a l s o  a consequence o f  t h e  c o n d i t i o n  
t h a t  t h e  j o i n t  i s  pinned, t h a t  is no displacement i s  al lowed b u t  
on l y  r o t a t i o n .  On t h e  other  hand, t h e  power f l o w  i s  overestimated 
near t h e  f r e e  ends o f  t h e  beams. I n  t h i s  case, most o f  t h e  power 
i s  propagated by t h e  shear f o r c e  component whereas t h e  bending 
moment component i s  much smal ler .  The e f f e c t s  o f  t h e  n e a r f i e l d  of 
a d i s c o n t i n u i t y ,  t h a t  i s  t h e  l eng th  o f  beam f o r  which P, and 
Pm are  no t  equal i s  a f u n c t i o n  o f  frequency s ince  i t  i s  r e l a t e d  
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. .  

t o  the  wavelength. The higher the  frequency, t h e  smal ler  t h e  
length  of  t h e  beam f o r  which discrepancies occur. 

Another observat ion t h a t  can be made i s  t h a t  t h e  l e v e l  o f  
power f l o w  decreases f o r  increased frequencies. This  i s  i n  
agreement w i t h  the  c a l c u l a t i o n s  f o r  t h e  t o t a l  t ransmi t ted  power. - 

The e r r o r  introduced by the  f i n i t e  d i f f e r e n c e  approximation 
i s  very much dependent on t h e  spacing A of  t h e  accelerometers. I f  
t h e  value o f  A i s  increased t o  ob ta in  a b e t t e r  s ignal- to-noise 
r a t i o  and s igna l  phase d isc r im ina t ion ,  t h e  e r r o r  associated w i t h  
t h e  f i n i t e  d i f f e r e n c e  approximation increases. A t rade-of f  i s  
found between these two c o n f l i c t i n g  requirements by s e l e c t i n g  a 
spacing o f  t h e  order o f  19% of  t he  wavelength o f  t h e  h ighest  
frequency o f  i n t e r e s t  C73. For such a A, i t  can be shown t h a t  t h e  
e r r o r  in t roduced due t o  the  f i n i t e  d i f f e r e n c e  approximation i s  
accept ab1 e. 

I V .  3. Experimental Set-up 

The experimental set-up cons is ts  o f  two i d e n t i c a l  s t e e l  
beams o f  th ickness 3/8" (0.9525 Cm), w idth 3" (7.62 Cm) and 
length  36" (91.44 Cm). The beams are welded t o  a 5/8" diameter 
s t e e l  rod  such t h a t  they form a n i n e t y  degrees angle a t  t h e  
j o i n t .  The rod  prov ides a means of  p inn ing  t h e  j o i n t  so t h a t  t h e  
experimental set-up matches the  boundary cond i t i ons  imposed i n  
t h e  t h e o r e t i c a l  analysis.  The rod  i s  he ld  by two f lange bear ings 
mounted on a base s t ruc tu re .  The harmonic e x c i t a t i o n  i s  provided 
by means of  an electromagnetic shaker threaded i n t o  t h e  source 
beam and supported by a heav i l y  damped brace. It should be noted 
t h a t  t h e  bear ing assembly was found t o  have a great  e f f e c t  on t h e  
v i b r a t i o n  l e v e l  o f  t he  beam. When t h e  two bear ing braces were 
l i g h t l y  forced apar t ,  t h e  v i b r a t i o n  l e v e l  decreased 
s i g n i f i c a n t l y .  A schematic o f  the  experimental se t  up i n c l u d i n g  
t h e  processing layout  i s  shown i n  f i g u r e  (16). 

I V .  4. Experimental Power Flow Measurements 

The power f l o w  was measured us ing two Bruel&Ejaer 4379 
accelerometers and t h e  s igna l  processing performed on an HP5451C 
analyzer. From equations ( 8 )  and (91, t he  power f l o w  i s  h i g h l y  
dependent on t h e  d i f f e r e n c e  i n  phase between the  two 
accelerometer loca t ions .  Hence, i t  i s  necessary t o  c a l i b r a t e  t h e  
e n t i r e  inst rumentat ion chain. That i s ,  the  accelerometers, t h e  
charge a m p l i f i e r s  and t h e  data processing system i n c l u d i n g  a l l  
connections. For t h i s  purpose, t he  accelerometers were subjected 
t o  an i d e n t i c a l  l i n e a r  acce le ra t ion  and t h e  phase d i f f e r e n c e  
evaluated. The set-up used f o r  t h e  c a l i b r a t i o n  i s  shown i n  f i g u r e  
(17) which i s  i d e n t i c a l  t o  the  one used i n  t71. The length  of  t he  
bar was chosen t o  i nsu re  t h a t  t he  f i r s t  l o n g i t u d i n a l  frequency 
was much higher than t h e  maximum frequency of  i n t e r e s t .  From 
these c a l i b r a t i o n  r e s u l t s  the  measured phase d i f f e r e n c e  was o f  
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t h e  order  of 0 . 5  d e g r e e .  The g a i n  d i f f e r e n c e  w a s  f o u n d  t o  b e  
less t h a n  o n e  p e r  c e n t .  I n  t h e  power f l o w  e x p e r i m e n t  p r o p e r  
s p a c i n g  of t h e  accelerometers w a s  i n s u r e d  by u s i n g  a p l a c i n g  j i b .  

IV.4.1 T i m e  Domain Method - 
Using  e q u a t i o n  (8) and t h e  p r o c e s s i n g  p r o c e d u r e  shown i n  

f i g u r e  (18 ) ,  t h a t  is a l l  t h e  p r o c e s s i n g  d o n e  i n  t h e  t i m e  domain 
e x c e p t  f o r  t h e  i n t r o d u c t i o n  of t h e  p h a s e  q u a d r a t u r e ,  a measu re  of 
t h e  t r a n s m i t t e d  power is e v a l u a t e d .  The t i m e - a v e r a g e  of t h e  f i n a l  
s i g n a l  w a s  o b t a i n e d  f rom t h e  a m p l i t u d e  of t h e  F o u r i e r  T r a n s f o r m  
of t h e  acceleration a t  t h e  f r e q u e n c y  o f  e x c i t a t i o n .  S i n g l e  
f r e q u e n c y  e x c i t a t i o n  a t  a s e l e c t e d  r e s o n a n c e  of  t h e  combined 
s t r u c t u r e  w a s  u s e d  w i t h  t h e  p r o c e s s  r e p e a t e d  f o r  e a c h  f r e q u e n c y  
of i n t e r e s t .  

The power f l o w  r e s u l t s  f o r  t h e  beams w i t h  a n  a v e r a g e  l o s s  
f a c t o r  of 0.013 are shown i n  f i g u r e  (19) f o r  f i v e  d i f f e r e n t  
f r e q u e n c i e s .  T h e r e  are some d i s c r e p a n c i e s  i n  t h e  results s i n c e  
i t  would b e  e x p e c t e d  t h a t  power f l o w s  away f rom t h e  i n p u t  
l o c a t i o n  t o  t h e  remote e n d  of  t h e  s t r u c t u r e .  To t r y  t o  f i n d  t h e  
reason f o r  t h e  errors i n  t h e s e  r e s u l t s ,  t h e  s e n s i t i v i t y  of t h e  
d i f f e r e n c e  i n  p h a s e  be tween t h e  t w o  i n p u t  s i g n a l s  t o  t h e  d a t a  
p r o c e s s i n g  r o u t i n e s  w a s  i n v e s t i g a t e d .  Two s i g n a l s  w i t h  a known 
p h a s e  d i f f e r e n c e  w e r e  p r o c e s s e d  and t h e  a c t u a l  p h a s e  d i f f e r e n c e  
compared w i t h  t h a t  g i v e n  a t  t h e  r e s u l t  of t h e  p r o c e s s i n g .  The 
r e s u l t s  are  shown i n  T a b l e  I .  I t  c a n  b e  o b s e r v e d  t h a t  an  error of 
a b o u t  5% is o b t a i n e d  fo r  a p h a s e  d i f f e r e n c e  of n i n e t y  d e g r e e s  b u t  
t h e  error i n c r e a s e s  a s  t h e  p h a s e  a n g l e s  decrease, w i t h  up t o  25% 
error f o r  p h a s e  d i f f e r e n c e s  less t h a n  f i v e  d e g r e e s .  An i n c r e a s e  
of t h e  number of d a t a  p o i n t s  p e r  s a m p l i n g  p e r i o d  d i d  n o t  improve  
t h e  r e s u l t s .  

I t  c a n  t h e r e f o r e  b e  c o n c l u d e d  t h a t  p r o c e s s i n g  errors c a n  b e  
s i g n i f i c a n t  f o r  s m a l l  p h a s e  a n g l e s  which would e x p l a i n  t h e  
erroneous results obtained at low +requencies  and towards the 
remote end  of t h e  beam, away f rom t h e  e x c i t a t i o n  p o i n t  w e r e  t h e  
power f l o w  component i 5  e x t r e m e l y  l o w .  T i m e  domain p r o c e s s i n g  
would p r o b a b l y  g i v e  better r e s u l t s  i f  a n a l o g u e  p r o c e s s i n g  is u s e d  
i n s t e a d  of d i g i t a l  p r o c e s s i n g  a s  w a s  u s e d  by kedman-White C71 and 
P a v i c  C81. 

IV.4.2. F requency  Domain Method 

Using t h e  p r o c e s s i n g  p r o c e d u r e  shown i n  f i g u r e  (20) t o  
implement  e q u a t i o n  ( 9 ) ,  a measure of  t h e  power f l o w  w a s  o b t a i n e d  
by t a k i n g  t h e  i m a g i n a r y  p a r t  of t h e  cross s p e c t r u m  a t  t h e  
f r e q u e n c y  of e x c i t a t i o n .  T h e  number of  o p e r a t i o n s  on t h e  d a t a  i n  
t h i s  case is smaller t h a n  w i t h  t h e  t i m e  domain method. F o u r i e r  
t r a n s f o r m s  are o n l y  u s e d  once i n s t e a d  of t h r e e  t i m e s  as i n  t h e  
t i m e  domain method. S i n g l e  f r e q u e n c y  e x c i t a t i o n ,  a t  t h e  r e s o n a n t  
f r e q u e n c i e s  of t h e  combined s t r u c t u r e  w e r e  u s e d  fo r  t h e  a n a l y s i s .  
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The r e s u l t s  f o r  t h e  beams w i t h  an average 1055 f a c t o r  o f  
0.015 are  shown i n  f i g u r e  (21) and are cons is ten t  w i t h  expected 
r e s u l t s ,  espec ia l l y  f o r  t he  source beam. Nevertheless, t he  
power-flow i 5  very small  i n  the  rece iv ing  beam which i s  a cause 
o f  e r ro r .  For a l l  f requencies except 256 Hz,  t h e  power-flow 
d i r e c t i o n  f o r  t h e  rece ive r  beam c lose  t o  the  j o i n t  i s  i n  the  
d i r e c t i o n  of  t h e  j o i n t .  Th is  i s  due t o  e r r o r s  introduced very 
c lose  t o  t h e  j o i n t  d i scon t inu i t y .  

- 

F igure  ( 2 2 )  shows t h e  r e s u l t s  o f  t h e  power f l o w  measurements 
f o r  t h e  beams w i t h  an average l o s s  f a c t o r  o f  0.054. These r e s u l t s  
show good agreement w i t h  t h e o r e t i c a l  r e s u l t s  except t h a t  they are  
somewhat lower. T h i s  i s  due t o  s l i g h t  d iscrepancies observed 
between t h e  measured response l e v e l  and t h e  t h e o r e t i c a l  response 
l e v e l .  T h i s  discrepancy was s i g n i f i c a n t  a t  low frequencies. I n  
f a c t  t he  agreement between experimental and a n a l y t i c a l  power f l o w  
r e s u l t s  i s  b e t t e r  a t  h igh  frequencies than a t  low frequencies. 
For t h e  h igh  frequencies, t he  power-flow i n  t h e  rece iver  beam 
near t h e  j o i n t  does no t  p o i n t  towards i t  anymore, which supports 
the  explanat ion t h a t  t h e  reverse f l ow  o f  power i s  caused by 
e r r o r s  i n  t h e  measurement o f  t he  very small  phase angle 
d i f ferences.  

Apart from s i n g l e  frequency e x c i t a t i o n  broad band e x c i t a t i o n  
wa5 a l so  used t o  p l o t  a map of  power-flow f o r  a wider range o f  
frequencies. The r e s u l t s  ( f i g u r e  23) c l e a r l y  s h o w  t h e  decrease o f  
power from t h e  shaker t o  the  end o f  t he  rece iver  beam, and a l s o  
the  increase i n  t h e  l e v e l  o f  power f l o w  w i t h  frequency. When 
p l o t t i n g  these r e s u l t s  on a l o g  ampli tude scale, these would be 
i d e n t i c a l  t o  t h e  power f l ow  as obtained a n a l y t i c a l l y  us ing t h e  
m o b i l i t y  expressions. The on ly  d i f f e rences  i n  t h i s  case would be 
the  discrepancies introduced due to t h e  approximation o f  equat ion 
(2). 
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SECTION V 

CONCLUSION 

From the above analysis and results it can be concluded that 
the power flow method can be a very useful tool in the mid 
frequency range where the modal response of a structure is 
important. The type of results obtained, although limited to the 
type of structure being examined in this case, demonstrate that 
power flow is computationally efficient and can be used to deal 
with complex global structures. The technique is not limited to 
singly coupled plate like structures. 

- 

In the above analysis comparison has been made with results 
obtained using SEA, but these results were generated specifically 
for the purpose of comparison. In the literature one can find 
additional results that deal with singly coupled plates, such as 
the work by Eoisson et a1 Clll  for the evaluation of the energy 
level of coupled structures using an energy influence coefficient 
method. Similar results are obtained between SEA and the results 
by Boisson. The latter are one-third octave results which are 
therefore similar to SEA results. Additionally good agreement is 
obtained in the trends of the results for the influence of the 
excitation location on the transferred vibrational power between 
the power flow method and the energy influence coefficient 
method. 

The state of knowledge in power flow is however still 
limited. Only point loading has been considered and in the 
application to aircraft structures it is equally important to 
consider distributed loading. Furthermore the extension to 
multiple substructures needs to be better, more fully defined. 
An example to demonstrate the application of the power flow 
approach to a set of repetitive structures joined together 
directly or through stiffeners, that i5 for a structure similar 
to an aircraft fuselage, needs to be developed. Extending this 
technique even further, one may want to investigate the modeling 
o f  composite structures, taking into account such additional 
structural parameters a5 the connection o f  f ibers through joints 
and the influence of fiber orientation. 

Finally as far as two dimensional structures are concerned 
detailed experimental analysis of the influence o f  structural 
parameters on the flow of vibrational power, which thus far has 
only been investigated analytically, needs to be performed. The 
experimental analysis should consists of both experiments on the 
structure similar to the one in the analytical model (L-shaped 
plate) but also on real aircraft structures in which case the 
conclusions derived from the analytical approach can be 
verified. 
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TABLE I 

Phase Difference Sensitivity on Calculated Power Flow 
- 

Actual Phase Measured Phase Error 
Difference Difference 

90 

9.6 

1.8 

69.7 

4.2 

2.2 

6.2% 

-23.2% 

-26.1% 
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( 1 )  i t , / +  decreasing i .e .  1. increasfng 

( 2 )  ~ I L / , ,  decreasing i . e .  7,  i ncreas ing  

(3) 11z/7, and p/ql increasing 

( 4 )  and T ~ , / ~ ~  decreasing 

FIGURE 1 : Parametric Representation of the Power Ratio 



- -  
E 
0 
t- o 
G 

cn 
m 
0 
-I 

c3 
7 

-I 

3 
0 
0 

a 

H 

a, 

. 9  

. e  

.7 

. 4  

.3 

. 2  

. 1  

0 I I 1 

10 100 1000 

FREQUENCY ( H z )  

FIGURE 2. Coupling Loss Factors ( qtz ) 

f o r  Plates of Equal Thickness 

0 

-5 

-10 

-15 

-2 0 

-25 
I 
0 

FREOUENCY 

100 Hz 
1000 Hr 

.5 1 1.5 2 

SURFflCE R A T I O  (S2/S1) 
2.5 

F I G U R E  3. Power Ratio as a Function of t h e  Area Ratio 
of t h e  Two Plates  



0 FREOUENCY 

0 
0 

t- 

.. 

CY 
0 
I- o 
G 
a 

cn cn 
0 
-I 

-S 
p9 
73 

l- a 
rlS 

CY 
lY w 
1 0 -20 
Q 

. 2  

.15 

. 1  

.05 

0 

-25 . 
I I I 1 I I 1 

125 .2s .s l E 4 0 

THICKNESS RATIO (H2YH1) 

50 Hz 
100 Hr 

500 Hz 
100Rl-k 

F I G U R E  4. Porrer Ratio as  a Funct ion of t h e  Thickness  Ratio 
of t h e  Two Plates 

CLF 12 

CLF2 1 / \  .- - 
- 

c 

/ \ 

.125 .25 . 5  1 2 4 

THICKNESS RRTIO (H2 /H1>  

F I G U R E  5. Coupling Loss Factors as  Func t ions  of t h e  Thickness  



- -  

I .  

-. 
FIGURE 6. 

n 

a 
m 
W 

0 

l- 

E 

H 

a 

E 

-5 

-18 

R-0 R2 

Frequency 500 Hz 
R2’R 1 

parametric Representation Of the Power Ratio as a Function of the Thickness Ratio 

1 18 1 a8 

FREQUENCY ( H A  
1 E20 

FIGURE 7 .  P o w e r  Ratioaas a Function of the Plate Material 



-. 

I 

11! a 
I 

Q 
I !!! !! 

I I 

!? !!! P) m 
I 

( B P I  O I l t l 2 l  2l3MOd 

a 
N 
l 



is 

m 
'p u) I- T 

--&@$+$-----J 

---- -A 



as 
d 

- 

I I I I 
- + r U m v V ) r C ) p s w  

lfldNI H3MOd 
1fldlflO H3MOd 

0 ,o 
h z 
tu 
U =z -\ 

--+, 

0 
0 m 



.. 

-=T- 
I I I \  I 

? '9 n! 4 s 
OIlVU UfOd 

0 0 

r( 

0 0 

1 " -  

h 
U 
U 

\ 

0 0 0 0 

OIlVU CRAd 

0 
0 

-"o, h 

n 
U 

I I I n 

S 
0 
c, 
.F 

a u 
0 

v o  
x '3 
a, 

E 
- 0  
O L  

rc 
E: 
O h  
.r a z z  
t 
3s 

L O  
a, 
Is? 
O b  

L U  
P -  

.n 

In 
+ M  
-0 
3 4  
In 
QI- 
L V  

d 

a, 
L 
3 m 
L L  

4 

.l- 



I -  

-. 

n 
E 
v 

W 
c) 
Z 

I- 
m 
a 

n 
H 

1 
2' 
111 
A 
c 
-d 



1 : SIGNAL GENERATOR 
2: POWER AMPLIFIER 
3: S W E R  
4 CHARCE AMPLIFIER 
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Figure 16. Schematic representation of experimental set  u p  
for the measurement of  power flow. . 
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Figure 17. Set up  for the phase calibration of the 
measurement system. 
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Figure 18. Processing procedure f o r  the time domain 
eva lua t ion  o f  power f low. 
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Figure 19. Time domain r e s u l t s  f o r  power f low i n  beams w i t h  

an average loss f a c t o r  o f  0.015. 
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Figure 20. Processing procedure for  the frequency 
measurement of power flow. 
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Figure 21. Power flow resul ts  us ing  a frequency domain approach. 

Beams average loss factor 0.015. 



0 

‘ E  
Y 

w 
W 
Z 

I- 
m 
a 

n 
H 

0 

E 
Y 

W 
W 
Z 
t- 
m 
n 

a 

H 

W 
W 
Z 
I- cn 
n 

a 

H 

CI 

E 
Y 

w .  
U 
Z 

I- cn 
a 

n 
H 



t 

SHRKE R 

L 

*. 

(u v) N 
~ 

Frequency 
RECEIVER 

0 0 0 0 0 L D  

Z Z 2 3 2  
Frequency 

Figure 23. Broad band power flow results with beams with average 
loss factor  of  0.054 . 


